Abstract-Atlantic halibut (Hippoglossus hippoglossus) is an increasingly valued commercial fish and its recent population growth has attracted the attention of fisheries scientists and managers both within and outside Canada. With renewed transnational interests in this species, fishery managers have relied on existing, but limited, ecological information for multilateral discussions on shared allocations of catch. To address this dearth of information, we modeled species distribution using maximum entropy, where by survey catch data were related to environmental data to quantify habitat suitability. We then calculated
Abstract-Atlantic halibut (Hippoglossus hippoglossus) is an increasingly valued commercial fish and its recent population growth has attracted the attention of fisheries scientists and managers both within and outside Canada. With renewed transnational interests in this species, fishery managers have relied on existing, but limited, ecological information for multilateral discussions on shared allocations of catch. To address this dearth of information, we modeled species distribution using maximum entropy, where by survey catch data were related to environmental data to quantify habitat suitability. We then calculated the amount of suitable habitat for juvenile Atlantic halibut per Northwest Atlantic Fisheries Organization (NAFO) divisions, within and outside Canada's Exclusive Economic Zone. Among NAFO divisions, we found a strong relationship between the availability of suitable habitat for juvenile Atlantic halibut, and both current and historical fisheries landings. Results are consistent with the nursery-size hypothesis which states that the amount of available juvenile habitat is related to the level of adult production. The majority of occupied suitable habitat is found on the southwestern half of Canada's Scotian Shelf, whereas the U.S. and international waters off Newfoundland have ample suitable habitat to support larger populations. Quantifying habitat suitability and linking this suitability to stock abundance and distribution is an important step toward an ecosystem approach for the management of Atlantic halibut.
In the Northwest Atlantic Ocean, Atlantic halibut (Hippoglossus hippoglossus) range from Greenland to Virginia, United States (Bigelow and Schroeder, 1953; Collette and KleinMacPhee, 2002) . In Canada, it is currently managed as 2 stocks. The larger stock, which is the subject of this article, extends from the Southern Grand Banks of Newfoundland, across the Scotian Shelf, and into the Gulf of Maine (Fig. 1) . The stock ranges over multiple North Atlantic Fisheries Organization (NAFO) divisions and, importantly, spills over international boundaries into the territorial waters of the United States, Overseas France, and the international High Seas regulatory area. Despite a history of overfishing (Grasso, 2008) , Canadian assessments show that the stock has rebounded in the last decade, is benefiting from a period of high recruitment (DFO 1, 2 Informal reports from both the U.S. and French fishing industries suggest that halibut are becoming more abundant within their jurisdictions and fishery managers have expressed renewed commercial interest in the Atlantic halibut fishery. However, there is limited ecological information to support transnational discussions concerning shared allocations of catch (Bigelow and Schroeder, 1953; McCracken, 1958; Stobo et al., 1988; Cargnelli et al., 1999) . A major challenge facing Atlantic halibut research is a lack of data on the past and present distributions and abundances of this species. Historically this species became of commercial interest only after decades as discarded bycatch in the cod (Gadus morhua) fishery and was quickly exploited to a critical state in the 1850s (Grasso, 2008) . Before the establishment of a fisheryindependent index of abundance (1970s), Atlantic halibut were heavily impacted by fishing activity for other groundfish, and the current period of high recruitment especially in Canada, is a relative measure compared with abundances during the regional groundfish moratorium of the early 1990s (Collette and Klein-MacPhee, 2002; Grasso, 2008) .
Atlantic halibut is the largest of all flatfish (Bigelow and Schroeder, 1953; Collette and Klein-MacPhee, 2002) . It is long lived and sexually dimorphic; males reach maturity at smaller sizes (77-80 cm in total length [TL] ) than females (103-125 cm TL) (Bowering, 1986; Trumble et al., 1994; Sigourney et al., 2006) . This species is capable of long-distanced migrations, but the majority of tagged fish are recaptured locally (McCracken, 1958; Jensen and Wise, 1961; Neilson et al. 5 ; Stobo et al., 1988; Kanwit, 2007; den Heyer et al., 2012; Seitz et al., 2016) and therefore may reflect populations with both resident and migratory individuals (e.g. Nielsen and Seitz, 2017) or seasonal migrations to putative spawning areas (e.g., . This finding indicates lower levels of mixing than those under the long-held presumption that the stock is a large, interbreeding population (Seitz et al., 2016) . The tendency to remain stationary until the age of 4-6 years and a homing response to spawning grounds have been observed among Atlantic halibut in Norway (Godø and Haug, 1988) . In the Northwest Atlantic, a lack of known spawning-site location and egg or larvae data has meant that distributions of this species during the earliest life history stages are unknown. Moreover, because current standardized trawl surveys are limited by depth, they lead to uncertainties in determining halibut presence and activities in deeper waters. Studies with electronic tags to elucidate northwest migration patterns and spawning locations of Atlantic halibut (e.g. Armsworthy et al., 2014; Seitz et al., 2016; Murphy et al., 2017; Le Bris et al., 2017) will ultimately improve our ability to define and manage halibut stocks. However, owing to growing commercial interests, there is an immediate need for scientific information to support management decisions.
Figure 1
Map of the range of the stock of Atlantic halibut (Hippoglossus hippoglossus) on the Scotian Shelf and southern Grand Banks, and areas of interest for this study in which the relationship between commercial catch of adult Atlantic halibut and availability of suitable habitat for juveniles in the northwest Atlantic Ocean was examined (by using data from surveys conducted during 2001-2013 and maximum entropy modeling). Thin, solid lines indicate the borders of North Atlantic Fisheries Organization (NAFO) divisions, within and outside of Canada's Exclusive Economic Zone (EEZ).
Availability of suitable habitat is the cornerstone of several ecological theories. In particular, the theory of density-dependent habitat selection describes how animals occupy the most suitable habitat first and expand to more marginal habitat when competition for resources in the prime habitat reduces the fitness benefit of that area (Fretwell and Lucas, 1970; MacCall, 1990) . In practice, this concept has been documented in multiple marine systems (Swain and Wade, 1993; Marshall and Frank, 1995; Rangeley and Kramer, 1998; Shackell et al., 2005) . There is also extensive evidence that range size and abundance of a species are correlated, and that availability of suitable habitat is strongly and positively correlated with total abundance (Gaston and Blackburn, 1996; Brosse et al., 1999; Holbrook et al., 2000; VanDerWal et al., 2009) .
Any life history stage is subject to habitat limitation and to the nursery-size hypothesis that stems from the idea that recruitment and adult fish population density can be constrained by the availability of nursery habitat because of density-dependent mortality during juvenile life stages (Iles and Sinclair, 1982; Rijnsdorp et al., 1992; Gibson, 1994; Beverton, 1995) . The idea has resurged in the results of recent studies that have shown a solid relationship between availability of nursery habitat and the recruitment of adults (Sundblad et al., 2014; Wilson et al., 2016) . It is theorized that because younger fish are likely to have a narrower range of suitable habitat, regardless of how well-defined their nursery grounds are, juvenile habitat falls within a restricted domain of the adult range (Gibson, 1994; Beverton, 1995) . To explore this notion, Sundblad et al. (2014) mapped nursery habitat distributions for predatory fish between mainland Finland and Sweden's archipelago region of the Baltic Sea, and found that they can be quantified and used to help estimate potential adult production. Similarly Wilson et al. (2016) added support to the nursery size hypothesis; they found a relationship between increased recruitment and the presence of juvenile flatfish and concluded that accurate predictions of flatfish nursery locations can be useful for population management.
We use these principles to support evidence-based management by quantifying suitable habitat for juvenile Atlantic halibut and relating it to adult landings in directed fisheries. In this article, we expand upon the work of Shackell et al. (2016) who hypothesized that there was ample suitable habitat available in U.S. waters to support a larger juvenile population. We estimate the distribution of suitable juvenile habitat in each NAFO division, within and outside Canada's Exclusive Economic Zone (EEZ). We then express the amount of suitable habitat (SH) per NAFO division as a relative value (SH-based shares: the proportion of the total available suitable habitat that falls within each NAFO division), and show that these values are related to the proportional shares of commercial fishery landings (adult) among NAFO divisions allocated on the basis of total landings of Atlantic halibut (abundance-based shares [landings] ). We propose that this relationship can be considered a baseline for expected juvenile and fishery production per NAFO division. We further propose that suitable habitat can be used as a proxy for production in the absence of more detailed ecological information. In areas where the relationship between expected juvenile habitat and fishery p roductivity substantially stray from a 1:1 relationship, further research is required to understand the mechanisms controlling the population, and to support the spatial management of this fishery.
Material and methods
Modeling species distribution with a correlative approach Species distribution models are designed to predict the limits of geographic range and habitat suitability for a selected species, by using functions that relate physiological (mechanistic) or distributional (correlative) data to areas of unknown occupancy (Kearney and Porter, 2009; VanDerWal et al., 2009) . Maximum entropy is a correlative approach that can be used for modeling species distribution because it describes the relationship between survey (coordinate) and environmental data (raster layers) (Elith et al., 2011) . It is commonly used to study the distributions of invasive species, shifts in distribution related to climate change, and the spatial diversity of species (Phillips and Dudik, 2008; Elith et al., 2011; Fitzpatrick et al., 2013) .
As it pertains to the model, entropy is a measure of the uncertainty in a data set (Cover and Thomas, 1991); a uniform distribution would represent complete uncertainty. A maximum entropy model uses multimodal logistic regression with information from observational data and maximizing entropy based on environmental constraints (Jaynes, 1957; Elith et al., 2011) . The logistic output from this model is a prediction layer that maps the relative habitat suitability of all locations on the basis of prevailing conditions where the species has been observed. From habitat suitability, we can infer the probability of species presence (VanDerWal et al., 2009 ). The output scales from 0 to 1, where 0.5 represents the relative habitat suitability and probability of presence, where environmental conditions are 'typical for presence Phillips and Dudik, 2008; Elith et al., 2011; details in Suppl. Material) . VanDerWal et al. (2009) found that for many species, a positive relationship exists between habitat suitability and local abundance, and that these models provide useful insights into spatial patterns of abundance.
We chose to model with maximum entropy to take advantage of its ability to accurately predict in unsampled locations, the several parameterizations available to account for biases in the data, and the continuous and common scale of model outputs that enable direct comparison among models . Additionally, unlike Shackell et al.'s (2016) use of a generalized additive model for a similar analysis, our method enabled us to predict across a much larger area, and because the research vessel survey data are zero inflated (absences are less certain than presences among survey data), we were able to take advantage of the presence-only modeling capabilities of maximum entropy (Sundblad et al., 2014) .
Data
We modeled habitat suitability by using research survey data from 2001 through 2013-a timeframe that captures the current period of high Atlantic halibut recruitment. The U.S. National Marine Fisheries Service, NOAA, and Fisheries and Oceans Canada (DFO) have conducted seasonal or annual research surveys (or both) to foster an improved understanding of groundfish abundance and distribution since the early 1960s (NOAA) and 1970s (DFO), (Azarovitz, 1981; Simon and Comeau, 1994) . The Canadian surveys sample NAFO divisions off Newfoundland and Labrador (NF), Nova Scotia (NS), and within the Northern and Southern Gulf of St. Lawrence (GSL) (Fig. 1) . The U.S. surveys sample Georges Banks, the Gulf of Maine, and the Bay of Fundy (here, we collectively refer to these regions as "U.S." (Fig. 1 ). All surveys were conducted with bottom-trawl gear and fish abundance, biomass, water depth, and bottom temperature were recorded in a comprehensive database, which can be publically accessed from the Ocean Biogeographic Information System (available from website; Shackell et al., 2005; DFO 6 ). Since the start of these surveys (~1963), they have been performed during all seasons and 7 different gear types have been used. A wide variety of fish species are captured over the course of each cruise; Atlantic halibut are usually caught as juveniles (annual median fish length 40-50 cm TL), and larger halibut are thought to outswim the trawls (Trzcinski and Bowen, 2016) . Samples were collected from all the NAFO divisions of interest, although there are variations in survey seasonality, intensity, and gear type, and there is difficulty in sampling over rough terrain. Because of these limitations and variations between surveys there are unsampled regions throughout the study area (Suppl . Tables 1 and 2 ), all of which can produce an uneven and biased data set because some regions have more representative (larger in quantity and more evenly distributed) sample sets than others.
If bias is not accounted for, the predictive power of the model is lessened (Philips and Dudik, 2008) . Fourcade et al. (2013) explored 5 parameterizations available to maximum entropy modeling that are commonly used to correct for bias, thus enabling models to predict more accurately in under-sampled locations. These methods include 1) systematic sampling (data are placed on a grid and one random sample per cell is used in analysis), 2) clustering samples (data are subset by using a principal component analysis that identifies spatial autocorrelation), 3) restricting the background (selecting only background points that fall within the extent of the survey [comparable to using locations where surveys yield true absence of fish]), 4) incorporating a bias file (values are weighted by using a raster that reflects the sampling effort or sampling probability), and 5) geographically splitting the data (the model is computed separately for each area and results are combined) (Fourcade et al., 2013) . While designing our model, we tested several of these data correction techniques and compared their ability to improve output diagnostics; however we did not attempt to systematically sample or cluster data because this approach would have caused too many data to have been lost.
We incorporated 5 environmental raster layers in our model: 1) bathymetry (created with the GEBCO 30 arc-second grid obtained from the General Bathymetric Chart of the Oceans (available from website), 2) slope (created by calculating percent rise from the GEBCO 30 arc-second grid), 3 and 4) seasonal mean bottom temperatures for summer and winter in degrees Celsius, and 5) the range in mean temperature between summer and winter, at a 0.1° resolution. Temperature data were obtained from the Global Ocean Reanalyses and Simulations (GLORYS; Mercator Ocean, available from website], which describe monthly mean ocean climate conditions at a 1/4° lat.×long. resolution. We chose to work with GLORYS temperature data instead of the data that were collected from the trawl censors because GLORYS provided a complete and uniform coverage of the area that is more conducive to interpolation. We limited our model to 5 predictor variables because the use of excessive variables can lead to overfitting the data (Philips and Dudik, 2008) . We selected variables that describe groundfish habitat (the bottom), and variables for which there were data for the entire study area. We interpolated the temperature layers by using ordinary kriging and 2001 through 2011 data. To prepare data for interpolation, we grouped monthly measures by season (summer: July-September, winter: January-March), calculated the mean annual temperatures for each season, and then assigned the 10-year average to each datum point. Finally, we incorporated regional variability in temperature by calculating the annual mean range in temperature by taking the difference of the seasonal means, and averaging these values across the entire sampling period.
We used 3 shapefiles (NAFO, available from website) to spatially classify the study area for spatial comparisons: NAFO boundaries, the EEZ, and the Hague line (Fig. 1) . The waters stretching from the northern limits of Baffin Island to Cape Hatteras are known as the NAFO Convention Area, which is divided into subareas, divisions, and subdivisions (Halliday and Pinhorn, 1990) . Although some of the areas of interest are formally referred to as "subdivisions," we refer to all areas as "NAFO divisions" throughout this analysis. We subset the NAFO shapefile to include only the divisions that represent the extent of the Southern Grand Banks and Scotian Shelf stock. The NAFO Convention Area was further subdivided by 1) the Canadian EEZ, which is drawn 370 km (200 nautical mi) from shore to mark the extent of national jurisdiction over waters and the beginning of shared international resources, and 2) the Hague line, which delineates the border between waters of Canada and the United States (Halliday and Pinhorn, 1990; Anderson, 1998) (Fig. 1) .
To measure adult abundance of Atlantic halibut, we used 3 data sets from the Atlantic halibut fishery. For recent values, we used commercial landings by division from 2010 through 2014 (DFO, seafisheries landings, available from website); these data reflect both data from directed fisheries and data on bycatch. We also used Butler and Coffen-Smout's (2017) map of landings, by catch weight, to spatially represent the MARFIS data. This map shows a 5-year (2010-2014) composite of landings in kilograms per 2×2 minute lat.×long. grid (Butler and Coffen-Smout, 2017) . As a measure of historical adult abundance, we used historical fishery landings data gathered by McCracken (1958) . He gathered information on landings from several governing agencies and was able to find sufficient location data to identify important areas (fishing grounds) in the Northwest Atlantic, and he expressed the landings as the annual percentage of shares of halibut landings per NAFO division. These historical landings (1953) (1954) predate the intensive Atlantic cod (Gadus morhua) trawl fishery of the 1970s and 1980s (Myers et al., 1996) and are considered to represent a regulation-free fishery, when fishing crews were free to relocate operations as they pleased, and maximize their catch per unit of effort (Gillis et al., 1993) . Because the distribution of fishing vessels typically achieved an ideal free distribution (Gillis et al., 1993) , the footprint of the unregulated fisheries is a good representation of historical spatial distribution of adult halibut. Supporting this notion, the abundancebased shares estimated by McCracken using unregulated fisheries data, along with his report of important and stable fishing grounds, were used to allocate fishing shares proportionally among NAFO divisions when the Canadian halibut fishery was first regulated in 1988 (Neilson et al. 5 ).
Analysis
All statistical analyses were performed in RStudio, vers. 3.3.2 7 (RStudio, Inc., Boston, MA), and maps were produced in ArcMap, vers. 10.4.1(ESRI, Redlands, CA). We used functions available in the package dismo, vers. 1. 1-4, in R, vers. 3.3.2 (R Core Team, 2016) to build 4 models of species distribution with maximum entropy. Each model tested a different combination of parameterization techniques that can help correct various types of sampling bias as outlined by Fourcade et al. 2013 (Table 1 ). Our models combined data from 18 research surveys (Suppl. Table 1 ). Input consisted of the 1980 records of halibut presence, a random subset of 5000 records of absence, and raster layers for 7 Mention of trade names or commercial companies is for identification purposes only and does not imply endorsement by the National Marine Fisheries Service, NOAA. -m (Miller et al., 1991; Cargnelli et al., 1999) , the extent of the output prediction layer was limited to the area of the strata sampled. Because of this restriction, it is highly likely that some potentially suitable areas were not mapped; however we contend that we are capturing the majority of juvenile habitat because there is an association between depth and halibut size (Bigelow and Schroeder, 1953; Collette and Klein-MacPhee, 2002 ) because juveniles typically occupy shallower depths and move deeper with age (e.g., Sigourney et al., 2006) . Our model with the strongest diagnostics incorporated a restricted background (with true absence points) and its data were divided by survey (Table 1) . By default, a model will select a set of random "background" locations (in unsampled locations) to represent pseudo-absence points. By using true absence points in place of the background data, valuable information is incorporated into the model. We ran 3 separate models for separate surveys: NS and U.S., GSL, and NF, and then combined the 3 output layers, keeping the largest habitat suitability value for each location. This modeling approach made full use of the data available, and running separate models accounted for inherent differences among the surveys (sampling effort, catchability of gear type, and seasonality (Suppl . Tables 1 and 2) ) and enabled a consideration of smaller scale trends and potential spatial variation in habitat preferences in different regions.
To evaluate the models, we performed a cross-validation and compared "area under omission curve" (AUC) values. For cross-validation, we withheld 20% of the input data (test data) when running the model, and then compared corresponding predicted values from the resulting habitat-suitability layer with the true values at the test-data locations (a good model can accurately predict the likelihood of species presence in test-data locations). Cross-validation also produces AUC values that indicate the proficiency of a model in differentiating between presence and absence sites and is the standard for maximum entropy assessment (Elith et al., 2006; Phillips and Dudik, 2008) . On a scale from 0 to 1, an AUC value greater than 0.9 is widely accepted as "excellent" or "high" accuracy, and less than 0.6 is generally considered a "fail" because 0.5 means probabilities are no better than random (Phillips and Dudik, 2008; Halvorsen, 2013) . For the remainder of the analysis, we used the habitat-suitability layer from the strongest performing model, and we also excluded the GSL because tagging evidence supports the management of this area as that of a separate stock (McCracken, 1958; Neilson et al. 5 ; Stobo et al., 1988; den Heyer et al., 2012; Le Bris et al., 2017) .
For regional comparisons, we partitioned the habitat-suitability layer using the NAFO and EEZ shapefiles as boundaries and calculated statistics within each division. We quantified suitable habitat by using a classification rule: a pixel was classified as "suitable" if its predicted habitat-suitability value was greater than 0.54. Typically values greater than 0.5 are accepted as the probability of presence of halibut at sites where environmental conditions are 'typical' of presence (Phillips and Dudik, 2008; Elith et al., 2011) , and by increasing this threshold, we increased this likelihood. The proportion of the total available suitable habitat to fall within each NAFO division (p { i ) and the catch shares per NAFO division allocated on the basis of abundance of Atlantic halibut (p { i ) were both calculated as
where the summed suitable habitat (km 2 ) or the summed survey locations with species presence within i NAFO division (s i ), were divided by the totals summed across all j NAFO divisions. We will refer to these values as "SH-based shares" and "abundancebased shares," respectively. Assuming a constant relationship between potential abundance and availability of suitable habitat, we plotted the relationship between SH-based shares and abundance-based shares (survey data) against a 1:1 baseline. We interpreted this baseline as "expected habitat productivity" where proximity to the baseline indicates whether the productivity of an area is above, meeting, or below expectations. The abundances determined from research surveys were derived from the same data set used to quantify juvenile habitat. Any positive relationship between habitat and abundance determined from research surveys would suggest that the amount of habitat is related to juvenile production. To explore the empirical relationships between suitable habitat availability and fishery productivity (e.g., Brosse et al., 1999; Holbrook et al., 2000; VanDerWal et al., 2009 ) we plotted the relationship between SHbased shares and commercial landings in recent and historical fisheries (abundance-based shares [landings] ). This approach allowed us to test the feasibility of using the 1:1 baseline and to model suitable habitat shares as a proxy for production and to explore the potential for similarities between adult and juvenile halibut distributions. We further explored this potential overlap in choice habitat by overlaying the habitat-suitability layer with the 2010-2014 Canadian commercial fisheries map of landings, by catch weight (Butler and Coffen-Smout, 2017) , and by extracting habitat suitability values associated with recent landings data which have a minimum legal fish size of 81 cm TL (DFO 2 ).
There are several assumptions inherent in this approach. First, is that good juvenile habitat leads to high adult abundance. Although we do not have direct evidence to support this assumption, it is supported by the nursery-size hypothesis [stated earlier], and inferred by density-dependent mortality during early lifehistory stages (Iles and Sinclair, 1982; Rijnsdorp et al., 1992; Gibson, 1994; Beverton, 1995; Sundblad et al., 2014; Wilson et al., 2016) . There is also the assumption that there are low levels of emigration from these areas. This assumption is consistent with tagging studies, which have reported that the majority of recaptures occur in the area of initial tagging (McCracken, 1958; Jensen and Wise, 1961; Neilson et al. 5 ; Stobo et al., 1988; Kanwit, 2007; den Heyer et al., 2012; Seitz et al., 2016) . Finally, the use of landings data as a proxy for abundance has been extensively debated; here we use the spatial distribution of landings as a surrogate for the spatial distribution of the stock (e.g., Pauly et al., 2013).
Results
Model output was a spatial representation of relative habitat suitability for predominantly juvenile Atlantic halibut. Overall, 22.5% of the total surveyed area was characterized as suitable habitat for juvenile halibut (Fig. 2 ) (we will refer to this as "suitable habitat"). Cross-validation on 20 iterations of the model produced average AUC values of 0.90 for NS and U.S., 0.85 for NF, and 0.92 in the GLS (on a scale from 0 to 1, with 1 being the best possible score) (Suppl. Fig. 1 , A-C). When we compared the habitat suitability values with the test data, locations with presence of Atlantic halibut were far more frequently associated with areas with high habitat-suitability values and absence with low values; this result also promoted confidence in the model (Suppl. Fig. 1, G-I) .
The greatest proportional amount of suitable habitat fell within the divisions 4X and 4W, which are adjacent NAFO divisions that cover a large section of the Scotian Shelf (Table 2 ; Fig. 2 ). Divisions 3Ps (off the southern coast of Newfoundland) and 5Y, 5Ze, and 5Zw (Maine) also contained proportionally large amounts of suitable habitat (Table 2 ; Fig. 2 ). The majority of the suitable habitat in the United States was concentrated near shore and along Georges Banks, whereas in 3Ps, it was found along the edge of the Laurentian Channel and toward the deeper slopes (Fig. 2) . The remaining NAFO divisions had smaller, although noteworthy, amounts of suitable habitat shares ( Table 2) .
The southern Grand Banks (Newfoundland) fall within NAFO divisions 3L, 3N, and 3O and possess rich fishing grounds, but unlike the Scotian Shelf (where suitable habitat was predicted to be widely available), suitable habitat in this region was located mostly toward the slope (Fig. 2) . A noteworthy amount of suitable habitat (18,162 km²) was outside Canada's EEZ on the southern Grand Banks and the Flemish Cap (Table 3) . International waters are sampled less frequently than areas within the EEZ and therefore there is more uncertainty around abundances in these regions.
Variable contributions describe how well a change in a covariate value contributes to changes in habitat Figure 2 Map of areas in the northwest Atlantic Ocean characterized as suitable habitat for juvenile Atlantic halibut (Hippoglossus hippoglossus) and estimated by using maximum entropy species distribution modeling and data from trawl surveys conducted from 2001 to 2013. This habitat suitability layer is a composite output from 3 maximum entropy models for 3 regions in the northwest Atlantic Ocean for which the largest cell value was retained. Habitat suitability is represented on a scale of 0-1, with 0.5 representing the relative habitat suitability and probability of presence of Atlantic halibut where environmental conditions are typical for presence. Percentages represent the total percentage of the area surveyed within each North Atlantic Fisheries Organization (NAFO) division that had suitable habitat. Values for the NAFO divisions in U.S. waters (5Y, 5Zw, and 5Ze) were grouped together.
suitability, and in turn, how closely each variable is related to productivity. All of our modeled variables contributed to the prediction in all 3 subset regions (Suppl. Fig. 1, D-F) . Percent rise and seasonal range in bottom temperature consistently made relatively small contributions, whereas the contribution of seasonal bottom temperatures and depth varied by region (Suppl. Fig. 1, D-F) . NS and U.S., and the GSL had more limited depth profiles, and the majority (80%) of the fish occurred in less than 190 m and 290 m, respectively (Table 4) . In contrast, a much broader depth profile was portrayed in NF, where the majority of the catch was below 560 m (Table 4 , Suppl. Fig. 2 ). Owing to a much wider distribution Table 2 The proportional share of suitable habitat for Atlantic halibut (Hippoglossus hippoglossus) within each North Atlantic Fisheries Organization (NAFO) division, and as a percentage of total surveyed area within each NAFO division, calculated by using data from trawl surveys conducted from 2001 to 2013 in 3 regions of the northwest Atlantic Ocean: Newfoundland and Labrador (3L, 3M, 3N, 3O , and 3Ps), Nova Scotia and the United States (4Vn, 4Vs, 4W, 4X, 5Y, 5Zc, 5Ze, and 5Zw), and the northern and southern Gulf of St. Lawrence. Habitat suitability for Atlantic halibut was modeled on a scale of 0-1 by using maximum entropy. Proportion of suitable habitat within region (%) represents the availability of suitable habitat at the division level, and SH-based shares represent suitable habitat availability in relation to the entire study area. In and out refer to inside and outside Canada's Exclusive Economic Zone, and sampling intensity, by division, is given in the number of sampling sets per square kilometer. For locations of NAFO divisions, see the map in Figure 1 . Table 3 Habitat suitability for Atlantic halibut (Hippoglossus hippoglossus) modeled on a scale of 0-1 by using maximum entropy and data from trawl surveys conducted during 2001-2013 in the northwest Atlantic Ocean. To identify suitable habitat in international waters, for North Atlantic Fisheries Organization (NAFO) divisions that comprise both international and Canadian waters, habitat suitability was modeled both as a percentage within (%In) and outside (%Out) Canada's Exclusive Economic Zone (EEZ). Suitable-habitat availability within and outside of the EEZ was estimated as a percentage of the total surveyed area. NA represents areas that (on the basis of model output) contained no suitable habitat. of sample depths in NF, this analysis could benefit from a higher sampling effort in deeper waters across the range; however, with the highest suitability falling well within the depth range of the survey strata, we do not believe that the depth limitation hindered the prediction of suitable habitat for juveniles. Summer bottom temperature had the highest contribution to the NS and U.S., and NF models, whereas winter bottom temperature contributed the most to the GSL model (Suppl. Fig. 1, D-F) . The majority of fish caught in NS and U.S. were caught between summer temperatures of 4.2°C and 8.7°C; a slightly increased prevalence occurred toward the warmer temperatures (Table 4 , Suppl. Fig. 2 ). In NF there was a similar range with a shift toward colder summer temperatures; the middle 80% of juveniles were found in waters from 2.9°C to 6.7°C (Table 4) . Alternatively, in GSL, there was a lean toward cooler summer temperatures, between 1.5°C and 5.8°C (Table 4 , Suppl. Fig. 2 ). These temperature windows are similar to those from GSL pop-up satellite archival tagging studies from Le Bris et al. (2017) and Murphy et al. (2017) . Among regions, the environmental variable windows of occurrence of juveniles overlap with slight Table 4 Depth, slope, and bottom temperature (summer, winter, and range) were used as predictor variables to model the distribution and availability of suitable habitat for Atlantic halibut (Hippoglossus hippoglossus) by using data from trawl surveys conducted from 2001 to 2013 in the northwest Atlantic Ocean. Empirical cumulative distributions (ECDs), which describe the odds that a positive survey set occurred (Atlantic halibut were present) across the available range of environmental conditions, for each predictor variable, were calculated for 3 regions in the northwest Atlantic Ocean: Nova Scotia and U.S. waters (NS and U.S.), Newfoundland and Labrador (NF), and the northern and southern Gulf of St. Lawrence (GSL). Values in the 10% and 90% columns provide the range for the majority (middle 80%) of the positive sets in each region, and the D statistics from Kolmogorov-Smirnov (K-S) tests are all close to 0, supporting the notion that there is no statistically significant difference between environmental conditions at the locations of positive sample data sets and the entire data set and that both data sets are drawn from the same range of variables. B. temp=bottom temperature. variations in temperature and depth at the extremes. Lower and upper values correspond with regional differences in habitat characteristics that are evident when the empirical cumulative distributions of reginal samples are compared (Suppl. Fig. 2) . SH-based shares were directly related to abundancebased shares (survey data), supporting the idea that the 1:1 line can be considered a baseline for expected productivity from each region (Fig. 3A) . In turn, both suitable habitat shares and abundance-based shares (survey data) were related to abundance-based shares (landings) in historical and recent commercial fisheries (Fig. 3, B-D) . The recent abundance-based shares (landings: 2010-14) from the halibut fishery were also very similar to abundance-based shares (survey data) from 2010 through 2013 (Fig. 3C) , and when plotted against suitable habitat availability, relations fell very close to the 1:1 line of expected productivity (Fig. 3B) .
There was a strong spatial overlap between halibut fishery landings and suitable habitat (Fig. 4; Butler and Coffen-Smout, 2017) . The highest proportion of the 2010 through 2014 catch occurred in division 4X, which contained the largest SH-based share (Fig. 4A) . The spatial overlap between landings and high suitability values (Fig. 4A) is also supported by the relation between habitat suitability and commercial landings (see histogram [ Fig. 4B] ), which shows catch frequencies increasing with habitat suitability. To further explore this relationship, we performed a linear regression that predicted landings as a function of suitable habitat availability. The coefficient of multiple determination (R 2 ) was 0.68, habitat suitability was significant for landings with a level of marginal significance (P) of 0.0117, and for a few large residuals included in divisions 3O (below) and 4X (above). 1953 -1954 (McCracken, 1958 .
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Discussion
We provide evidence to support the nursery-size hypothesis, which states that the amount of juvenile habitat available is related to adult production (Iles and Sinclair, 1982; Rijnsdorp et al., 1992; Gibson, 1994; Beverton, 1995; Sundblad et al., 2014; Wilson et al., 2016) . We found a direct relationship between juvenile and fishery production within NAFO divisions, and a proportional relationship between suitable-habitat availability, and stock productivity. This is consistent with Wilson et al. (2016) , who reported that recruitment among 5 flatfish species is limited by nursery area. They further found that juvenile abundance was related to suitable-habitat availability and, in turn, to the recruitment and abundance of adults. This result is also in agreement with tagging studies which consistently find that most tagged halibut are caught within 200-km or less of the location of release (McCracken, 1958; Jensen and Wise, 1961; Neilson et al. 5 ; Stobo et al., 1988; Kanwit, 2007; den Heyer et al., 2012; Seitz et al., 2016) , and with more recent research that shows a high connectivity within patches of 227 km² (Boudreau et al., 2017) In this study, NAFO divisions that fall on the 1:1 baseline of the relationship between the SH-based shares and abundance-based shares (survey data) can be considered to be meeting productivity expectations, whereas areas that fall above or below the baseline are exceeding or below expectations, respectively (see Fig.   3 ). When compared with suitable-habitat availability, juvenile abundance in NAFO divisions 4Vs, 4W, and 4X exceeded expectations, and fell short in NAFO divisions 5Y, 5Ze, 5Zw, 3O, and 3Ps (Fig. 3A) . This finding was consistent with previous research that revealed areas with persistently high juvenile halibut abundance within the most productive NAFO divisions (Boudreau et al., 2017) . Several factors may be contributing to such trends: variations in current and historic fishing pressures, migrations, prey availability, and environment. Over the past few decades, fishery closures and no-take protected areas, for example, have been established throughout the northwest Atlantic (Butler and Coffen-Smout, 2017) . In NAFO divisions 4Vs, 4W, and 4X, the Haddock Box (nursery area), The Gully Marine Protected Area, and the Northeast Channel Coral Conservation Area are substantial areas where trawling and other fishing methods are highly limited or not permitted (Butler and Coffen-Smout, 2017) . These areas also have high habitat-suitability values and are located in NAFO divisions where SH-based shares, juvenile abundance, and commercial landings are all high (Fig. 4) . Closed areas may also explain why yearround closures on Georges Bank were followed by a dramatic increase in yellowtail flounder populations (Fogarty and Murawski, 2004) . Closed areas on the Scotian Shelf could be benefiting Atlantic halibut and contributing to the stock rebound, both by providing habitat protection and by reducing halibut bycatch in other fisheries. 
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Habitat suitability in relation to commercial catch NAFO divisions 5Y, 5Ze, and 5Zw fell short in juvenile abundance despite adequate suitable habitat availability. Consistent with our findings, Shackell et al. (2016) detected low abundance in relation to suitable-habitat availability in U.S. waters. They, and others, have proposed that this low abundance could be the product of finer-scale stock structure or a history of overfishing (or both) (Seitz et al., 2016; Shackell et al., 2016) . Certainly historic fishing pressure is a plausible explanation for the observed low abundances in divisions 5Y, 5Ze, and 5Zw (Grasso, 2008) . As biomass decreased during the 1800s in nearshore fishing grounds, exploitation progressed farther offshore and also began to include juvenile populations (Grasso, 2008) . The expansion of the fishery extended out from Massachusetts Bay (Fig. 1) , which was the first region to see populations decline and which endured the longest period of intense exploitation (Grasso, 2008) . This area, once the home of the commercial fishery for Atlantic halibut, has yet to see a rebuilding of halibut stocks (Hennen 4 ). The general consensus is that halibut were repeatedly depleted in the United States and more recently depleted throughout their range in the 1990s (Grasso, 2008; Trzcinski and Bowen, 2016) . The varying rates of putative recovery throughout the range may be a reflection of smaller-scale stock structure within this stock unit. Boudreau et al. (2017) observed the temporal persistence of several core areas of high juvenile halibut abundance alongside the disappearance of others. A noteworthy core area that disappeared in the 1980s was the area along the shelf edge in NAFO divisions 3O and 3Ps (divisions that we identified as underperforming), while persistent core areas in NAFO divisions 4Vs, 4W, and 4X are associated with our highest performing divisions. Boudreau et al.'s (2017) research supports the Shackell et al. (2016) hypothesis that subpopulations may exist within this Atlantic halibut stock. The erosion of subpopulations could explain why some divisions in our analysis fell below the 1:1 line of expected habitat productivity. Knutsen et al. (2007) observed genetic subpopulation structure among Greenland halibut (Reinhardtius hippoglossoides) and that differentiation increased with distance. They theorized that 2 genetically different populations exist and that ocean currents play a major role in determining population structure (during larval stages). Notably, for this species, dissimilarity between management units and stock structure was identified by genetic analysis (Knutsen et al., 2007) . If subpopulations exist, assessing distinct stocks as a single large stock often runs the risk of overestimating stock size; such a practice was likely responsible for the collapse of the stock of Atlantic cod (Gadus morhua) (e.g., Sterner, 2007) . True spatial overlap between management units and actual underlying population structures supports accurate stock assessments, and therefore a mismatch between the two is reason to revisit respective management regimes (Lundy et al., 1999; Reiss et al., 2009 ). Here we do not show that subpopulation structures exist within the Scotian Shelf and Southern Grand Banks of Newfoundland Atlantic halibut management unit, but provide reasons to further investigate this possibility.
It is also possible that deviation from the relationship of juvenile:adult abundance (Fig. 3C ) may be influenced by ontogenetic shifts in habitat and densitydependent migration. The mechanisms that influence Atlantic halibut movements are not fully understood, but in areas that have reached carrying capacity, it is more likely that animals will emigrate (Fretwell and Lucas 1970; MacCall, 1990) . Here, we show a strong positive relationship between habitat suitable for juveniles and commercial landings, and an overlapping distribution of commercial landings and juvenile habitat. This finding is consistent with those from tagging studies that have repeatedly shown that the majority of halibut recaptures are in the area of initial tagging, despite the occasional far-distance movement by an individual (McCracken, 1958; Jensen and Wise, 1961; Neilson et al. 5 ; Stobo et al., 1988; Kanwit, 2007; den Heyer et al., 2012; Seitz et al., 2016) .
Several next steps can be taken to build on this research and further develop an understanding of Atlantic halibut distribution in the Northwest Atlantic. We limited our model to 5 predictor variables; however additional environmental and community variables, including fishing effort, methods and regulations, prey availability, predation, and interspecific competition, could influence (and potentially improve) the predictive ability of the model. Additionally, by changing existing values of environmental variables (such as temperature or depth), the same model could be used to explore potential changes in suitable-habitat distributions in response to climate change: a valuable resource for planning adaptive measures for a fishery. Overall, our analysis supports the pursuit of future research on potential subpopulation structures and the impact of closed areas on productivity.
Our analysis builds on current ecological knowledge of Atlantic halibut, and can be considered a contribution for future international discussions and assessments of the stock. Our study has shown that suitable habitat can be used as a proxy for juvenile and adult halibut abundance, and that there are areas where population size is below its potential. The Canadian stocks are currently assessed as healthy, and rebuilding is not part of the management objective. However, the occurrence of regions in U.S. waters where abundances remain below expectations indicates that there is room for population growth, which could potentially be achieved through spatial management, more specifically, by the protection of core juvenile habitat. The presence of noteworthy suitable-habitat availability outside the EEZ, off the Grand Banks of Newfoundland also highlights a need for international collaboration. These regions are not regularly surveyed and are subject to international fishing pressures, making them vulnerable to overexploitation. Our maps of suitable habitat can be used by management in the development of user rights in territorial waters and the estab-lishment of catch limits or no-take areas. For now, we provide a significant step forward in the characterization of spatial patterns of Atlantic halibut productivity in the Northwest Atlantic, and a contribution to future international discussions and management of the growing fishery for this species.
